The objective of this study was to evaluate the effect of muscarinic receptor modulation on basal and ␤ -adrenergic stimulated left ventricular function in patients with heart failure. 21 heart failure patients and 14 subjects with normal ventricular function were studied. In Protocol 1 intracoronary acetylcholine resulted in a 60 Ϯ 8% inhibition of the left ventricular ϩ dP/dt response to intracoronary dobutamine in the normal group, and a similar 70 Ϯ 13% inhibition in the heart failure group. Acetylcholine also attenuated the dobutamine-mediated acceleration of isovolumic relaxation (Tau) in both groups. Acetylcholine alone had no effect on Tau in the normal group, while it prolonged Tau in the heart failure group. In Protocol 2 intracoronary atropine resulted in a 35 Ϯ 10% augmentation of the inotropic response to dobutamine in the normal group, versus a non-significant 12 Ϯ 15% augmentation of the dobutamine response in the heart failure group. In Protocol 3, in 6 heart failure patients, both effects of acetylcholine, the slowing of ventricular relaxation and the inhibition of ␤ -adrenergic responses, were reversed by the addition of atropine. Therefore, in the failing human left ventricle muscarinic stimulation has an independent negative lusitropic effect and antagonizes the effects of ␤ -adrenergic stimulation. ( J. Clin. Invest. 1996. 98:2756-2763.)
Introduction
Parasympathetic outflow to the heart is reduced in patients with heart failure (1, 2) . The importance of this abnormality in the pathogenesis of life-threatening rhythm disturbances has been observed (3) , and the possible utility of pharmacological augmentation of parasympathetic tone in patients with heart failure has been suggested (4) . However, the effect of myocardial muscarinic receptor modulation on ventricular function in the setting of heart failure is poorly understood. This question is important because stimulation of myocardial muscarinic receptors has potential negative effects on contractile performance (5) and can attenuate ␤ -adrenergic receptor mediated increases in contractility (6) (7) (8) (9) .
In various animal models of heart failure muscarinic receptor density in ventricular myocardium has been reported to be either reduced (10, 11) or increased (5, 12) , while receptor density in cardiac tissue from patients with heart failure has been shown to be unchanged (13) (14) (15) . Muscarinic receptors couple to the inhibitory G protein, G i , which has increased activity in the failing heart (5, (15) (16) (17) (18) . Vatner et al. (5) have recently confirmed that heart failure, induced by rapid ventricular pacing in dogs, is associated with an increase in muscarinic receptor density and G i in ventricular myocardium. The functional significance of this receptor pathway upregulation was also demonstrated in that muscarinic stimulation in animals with heart failure resulted in greater inhibition of adenylate cyclase activity and myocardial contractility than was observed in normal animals. This important study confirms that muscarinic receptor pathways are at least intact and appear to be upregulated in the setting of heart failure. Of note, muscarinic stimulation can also modify ventricular performance through its effects on ␤ -adrenergic receptor-mediated responses. Previous studies in normal animals have demonstrated that vagal stimulation attenuates ␤ -adrenergic-mediated increases in contractility (6) (7) (8) . Similarly, in humans with normal ventricular function, we have demonstrated that muscarinic stimulation attenuates ␤ -adrenergic-mediated inotropic responses, while having no effect on basal contractility (9) . The effect of muscarinic stimulation on ventricular diastolic function has not been studied in humans. In animals with normal ventricular function muscarinic stimulation has been reported to either slow (7, 19) or have no effect (20) on ventricular relaxation.
The effect of muscarinic stimulation and blockade on left ventricular function has not been described in the setting of human congestive heart failure. Given normal receptor density (13) (14) (15) , increased G i activity (5, (15) (16) (17) (18) , and the negative inotropic effects of muscarinic stimulation in an animal model of heart failure (5), muscarinic receptor modulation may have important effects on ventricular function in human congestive heart failure. Therefore, this study was performed to determine the effect of myocardial muscarinic receptor modulation on basal and dobutamine stimulated left ventricular systolic and diastolic function in patients with heart failure, and to contrast these effects with observations made in subjects with normal ventricular function.
Methods
Study population. The study population consisted of 35 subjects referred for diagnostic catheterization. The subjects in the normal ventricular function group ( n ϭ 14; 7 males and 7 females) were free of significant coronary artery stenosis by angiography, had normal baseline hemodynamics and a normal left ventricular ejection fraction.
4 subjects with normal ventricular function were included in a previous study of the effects of muscarinic pathways on left ventricular contractile function (9) . These subjects were included in the present study because they had undergone an identical protocol and had left ventricular pressure recordings that allowed for calculation of the rate of ventricular relaxation (which was neither analyzed or reported in the previous study). Medical treatment in the normal group, for either hypertension or a chest pain syndrome, consisted of calcium channel blockers (3 subjects), ␤ -blockers (4 subjects), and angiotensin-converting enzyme inhibitors (3 subjects). These medications were withheld for at least 24 hours before this investigation.
The patients with heart failure ( n ϭ 21; 15 males and 6 females) all suffered from dilated cardiomyopathy with normal coronary arteries. 1 heart failure patient was in atrial fibrillation and the heart rate responses from this patient were not included in the analysis. The etiology of dilated cardiomyopathy was idiopathic in 16 patients, ethanol related in 4 patients, and chemotherapy in 1 patient. All had significant left ventricular systolic dysfunction. Medical therapy consisted of furosemide, (18 patients), digoxin (13 patients), angiotensinconverting enzyme inhibitors (17 patients), and nitrates (3 patients).
In the heart failure group medical therapy was withheld on the morning of the investigation.
The investigation was begun at the Brigham and Women's Hospital (Boston, MA) and completed at the Mount Sinai Hospital (Toronto, Ontario). At both centers the protocol was approved by the ethical review committee for experimentation involving human subjects. Written informed consent was obtained in all cases.
Hemodynamic measurements. Following a diagnostic heart catheterization 20 min elapsed before beginning this investigation. A 7Fr micromanometer-tipped catheter (Millar Industries, Houston, TX) was placed in the left ventricle. A 7Fr left Judkins catheter (Cordis Laboratories, Miami, FL), placed from the opposite femoral artery, was advanced to the ostium of the left main coronary artery for intracoronary drug infusions. Femoral artery pressure was monitored via an 8Fr side-arm sheath (Cordis Laboratories, Miami, FL). The electrocardiogram, left ventricular pressure, and its first derivative (dP/dt, continuous electronic differentiation) were recorded on a strip chart recorder at a paper speed of 100 mm/s. Measurements for heart rate, left ventricular peak ϩ dP/dt and peak Ϫ dP/dt, and left ventricular systolic and end-diastolic pressure were made by averaging at least 15 beats under each experimental condition.
Experimental approach. The effect of muscarinic receptor stimulation and blockade on basal and dobutamine stimulated left ventricular function was assessed in three drug infusion protocols. In all parts of this experiment intracoronary drugs were administered into the left main coronary artery via the Judkins catheter using a Harvard pump (South Natick, MA) for 4-5 min with hemodynamic measurements made in the final minute. After completion of drug infusions, radiographic contrast was injected to confirm the continued position of the catheter in the left main coronary ostium. Protocol 1. Intracoronary dobutamine and acetylcholine. In this protocol the effect of acetylcholine on dobutamine-mediated increases in systolic and diastolic left ventricular function was assessed. 10 subjects with normal ventricular function and 11 patients with heart failure were studied. The sequence of infusions was as follows: ( a ) Control 5% dextrose in water (D 5 W), the vehicle for intracoronary drug infusion, at 2 ml/min. ( b ) Intracoronary dobutamine with upward titration (12.5, 25, 37.5, and 50 g/min) until at least a 25% increase in ϩ dP/dt was achieved, or until the patient experienced tachycardia or increasing extrasystoles. The mean dobutamine infusion rate was 19 Ϯ 4 g/min in the normal ventricular function group, and 23 Ϯ 2 g/ min in the heart failure group. , and 10 Ϫ 4 mol/L consecutively, at 1.25 ml/min to achieve estimated intracoronary concentrations of 10
Ϫ 7 , and 10 Ϫ 6 mol/L, assuming left main coronary blood flow of 125 ml/min. ( e ) Simultaneous infusions of acetylcholine and dobutamine at the same infusion rates as were used initially.
Protocol 2. Intracoronary dobutamine and atropine. In this protocol, the effect of muscarinic receptor blockade on dobutamine responses was assessed. Infusions were identical to those in Protocol 1, except that intracoronary atropine (12 g/min) was substituted for acetylcholine. The mean dobutamine infusion rate was 16 Ϯ 3 g/min in the normal ventricular function group and 24 Ϯ 1 g/min in the heart failure group. In total 7 subjects with normal ventricular function and 9 heart failure patients were studied. This included 3 subjects with normal ventricular function and 5 heart failure patients who participated in Protocol 1. In the latter group the order of intracoronary drug infusions was ( a ) Control D 5 
, ( e ) acetylcholine and dobutamine, ( f ) second recontrol D 5 W, ( g ) atropine, and finally, ( h ) atropine and dobutamine. In this group of patients the second recontrol was used as the recontrol period for Protocol 2. Of note, there were no changes in ϩ dP/dt when the initial control period and the second recontrol period before the infusion of atropine were compared in these patients.
Protocol 3. Intravenous dobutamine and combined intracoronary acetylcholine and atropine. Six heart failure patients were studied in this protocol which was designed to explore whether the acetylcholine responses could be reversed by a concurrent infusion of atropine. This would confirm that the acetylcholine responses resulted from muscarinic receptor stimulation, and that the dose of atropine used in Protocol 2 was sufficient to antagonize the effects of a muscarinic receptor agonist in the setting of heart failure. An additional rationale for Protocol 3 was to demonstrate that the modulation of the dobutamine response by acetylcholine was not simply the result of altered coronary blood flow with resultant changes in the intracoronary concentration of dobutamine. This was accomplished by using an intravenous infusion of dobutamine (mean infusion rate 5.8 Ϯ 0.5 g/kg/min). In this protocol the sequence of drug infusions was, ( a ) Control intracoronary D 5 W, ( b ) intravenous dobutamine to achieve at least a 25% increase in ϩ dP/dt, ( c ) recontrol
, ( e ) intravenous dobutamine and intracoronary acetylcholine, ( f ) intravenous dobutamine, plus intracoronary acetylcholine and atropine (12 g/min), and finally, ( g ) acetylcholine and atropine.
Left ventricular isovolumic relaxation. The time constant of left ventricular relaxation, Tau, was calculated in two different ways. The first method is a modification of that described by Weiss et al., such that Tau (T L ) ϭ Ϫ 1/slope of the regression line for the natural logarithm of left ventricular pressure versus time for the period from peak Ϫ dP/dt to 5 mm Hg above left ventricular end-diastolic pressure (21) . The second method is the direct measurement of the pressure halftime (T 1/2 ), as described by Mirsky (22) . With this method, Tau is directly measured from the pressure tracing as the time required for left ventricular pressure to fall to one-half of its value at peak Ϫ dP/dt. In Protocol 1 and 2 left ventricular pressure recordings were digitized by hand at 2-to 4-ms intervals using a digitizing tablet (Summagraphics, Summagraphics Corporation, Fairfield, CT) interfaced with a Macintosh personal computer. In Protocol 3, left ventricular pressure and the electrocardiogram were digitally recorded at 300 Hz using a Macintosh personal computer equipped with a multichannel analogue to digital converter. Data files were stored to disc for later analysis. Using customized software developed in Labview (Version 3.0; National Instruments Corporation, Austin, TX) Tau was calculated off-line using identical methods to those described above. In all cases values for Tau represent the mean calculated from 8 cardiac cycles during each experimental condition.
The reproducibility of the manual method for calculation of Tau was assessed according to the method of Bland and Altman (23) . Both T L and T 1/2 were measured from pressure tracings of 14 patients in duplicate by the same observer on two occasions at least 2 d apart. For T L , the mean of the differences of 14 pairs of measurements was 0.41 Ϯ 1.95 ms (mean Ϯ standard deviation). Therefore, the coefficient of repeatability (two standard deviations) for T L is 3.90 ms. For T 1/2 , the mean of the differences was 0.08 Ϯ 1.47 ms. Therefore, the coefficient of repeatability for T 1/2 is 2.94 ms.
Statistical analysis. All data sets were tested for normality by means of the Shapiro-Wilk test and found to be normally distributed. Baseline characteristics were compared using unpaired two-tailed t tests. For Protocols 1 and 2 comparisons of the means at each experimental step between groups were done using repeated measures MANOVA, with appropriate contrast statements and adjusting for multiple comparisons. Comparisons within groups were done in the same manner but fitting the model without the intercept. For Protocol 3 a repeated measures MANOVA was used to compare the means at each experimental step, contrasting the comparison of interest and adjusting for multiple comparisons. All data are presented as mean Ϯ SEM. Statistical analysis was performed in SAS (release 6.10; SAS Institute Inc., Cary, NC).
Results
Baseline hemodynamics. Baseline hemodynamics and indices of left ventricular contractility and isovolumic relaxation (Tau) for all subjects with normal ventricular function, and all patients with heart failure are summarized in Table I . The correlation coefficients for the linear regression of the logarithm of left ventricular pressure versus time during isovolumic relaxation was 0.992 Ϯ 0.001 in the normal ventricular function group, and 0.991 Ϯ 0.001 in the heart failure group. Protocol 1. Intracoronary dobutamine and acetylcholine. Intracoronary dobutamine increased left ventricular systolic pressure in both groups, and reduced left ventricular end-diastolic pressure in the normal ventricular function group (Table  II) . There were no hemodynamic changes in the normal group in response to intracoronary acetylcholine. In contrast, in the heart failure group acetylcholine increased left ventricular end-diastolic pressure, a change which was significantly different compared to the response in the normal group. The combi- 
Normal, normal ventricular function group; CHF, congestive heart failure group; C and RC, absolute values at control and recontrol; ⌬Dob, ⌬Ach, ahd ⌬Dob ϩ Ach, change from preceding control period in response to dobutamine, acetylcholine, and their combination. See Table I for remainder of abbreviations. *P Ͻ 0.05 for within group responses, § P Ͻ 0.05 versus response in the normal ventricular function group, ‡ P Ͻ 0.05 for comparison of dobutamine plus acetylcholine response versus dobutamine response. nation of dobutamine and acetylcholine did not cause any hemodynamic changes in either group.
Dobutamine increased ϩdP/dt in both groups (Table II, Fig. 1 ), although the inotropic response was significantly greater in the normal ventricular function group. Acetylcholine alone did not change ϩdP/dt in either group. In both groups the combination of dobutamine and acetylcholine was associated with a significant increase in ϩdP/dt, although the inotropic response to this combination was significantly less than the response to dobutamine alone. In the normal group acetylcholine resulted in a 60Ϯ8% inhibition of the inotropic response to dobutamine. Similarly, in the heart failure group acetylcholine caused a 70Ϯ13% inhibition of the inotropic response to dobutamine. Dobutamine accelerated left ventricular isovolumic relaxation in both groups (Table II, Fig. 1 ), consistent with our previous report (24) . Similar to its effect on dobutamine-mediated inotropic responses, acetylcholine attenuated the dobutaminemediated reduction in Tau in both groups. Acetylcholine alone had no effect on Tau in the normal group. In contrast, in the heart failure group acetylcholine alone significantly slowed ventricular relaxation. The prolongation of Tau in the heart failure group in response to acetylcholine was significantly different from the response in the normal group.
Protocol 2. Intracoronary dobutamine and atropine. In the normal ventricular function group there was a significant fall in left ventricular end-diastolic pressure in response to both dobutamine and the combination of dobutamine and atropine (Table III) . The combination of dobutamine and atropine also increased heart rate in the normal group. There were no hemodynamic changes in the heart failure group.
In the normal ventricular function group the addition of atropine significantly augmented the inotropic response to dobutamine (Table III, Fig. 2 ), consistent with our previous report (9) . The combined infusion of atropine and dobutamine resulted in a 35Ϯ10% greater increase in ϩdP/dt as compared to dobutamine alone. In contrast, in the heart failure group the addition of atropine did not significantly enhance the inotropic response to dobutamine (12Ϯ15%).
Table III. Responses to Dobutamine, Atropine, and Their Combination (Protocol 2)
Atr, Atropine. See Tables I and II Intracoronary dobutamine caused a reduction in Tau which was of borderline statistical significance in the normal ventricular function group and achieved significance in the heart failure group (Table III, Fig. 2 ). Atropine alone did not change Tau in either group. With the combination of dobutamine and atropine the increase in the rate of isovolumic relaxation in the normal group was now highly significant. In the heart failure group atropine caused no change in the isovolumic relaxation response to dobutamine.
Protocol 3. Intravenous dobutamine and intracoronary atropine and acetylcholine. Six patients with heart failure were studied in Protocol 3. In these patients intravenous dobutamine, alone and combined with intracoronary acetylcholine and atropine, significantly reduced left ventricular end-diastolic pressure and increased left ventricular systolic pressure. The combination of intravenous dobutamine with intracoronary acetylcholine and atropine also caused a significant increase in heart rate. There were no hemodynamic changes in response to intracoronary acetylcholine alone, or combined with atropine.
Intravenous dobutamine increased ϩdP/dt and accelerated isovolumic relaxation (Table IV, Fig. 3 ). The effect of the combination of intracoronary acetylcholine and intravenous dobutamine was consistent with the results of Protocol 1. In this case acetylcholine caused a 52Ϯ11% inhibition of the inotropic response to dobutamine and there were no longer significant changes in ϩdP/dt, or Tau. The addition of intracoronary atropine to dobutamine and acetylcholine completely restored both the ϩdP/dt and Tau responses to dobutamine, demonstrating that the acetylcholine-mediated suppression of dobutamine responses resulted from stimulation of ventricular muscarinic receptors. Although atropine restored the effects of dobutamine in the presence of acetylcholine, the combination of dobutamine and atropine was not different from the effects of dobutamine alone. The ϩdP/dt response to the combination of intravenous dobutamine and intracoronary atropine and acetylcholine was only 4Ϯ12% larger than the ϩdP/dt response seen with dobutamine alone.
In Protocol 3 intracoronary acetylcholine slowed left ventricular isovolumic relaxation (Table IV, Fig. 3 ). Importantly, 
*P Ͻ 0.05 for within group comparisons. See Tables I-III for the addition of atropine to acetylcholine completely abolished the prolongation in Tau seen with acetylcholine. This confirms the similar observation in Protocol 1 of a negative lusitropic effect of intracoronary acetylcholine in the heart failure group, and demonstrates that this effect resulted from stimulation of ventricular muscarinic receptors.
Discussion
The results of this study demonstrate that modulation of cardiac muscarinic receptors affects both basal and ␤-adrenergic stimulated left ventricular function in patients with heart failure. The data demonstrate that muscarinic stimulation attenuates ␤-adrenergic responses in patients with heart failure, a response similar to that observed in subjects with normal ventricular function. Muscarinic stimulation also slows left ventricular isovolumic relaxation in heart failure patients, an effect not seen in subjects with normal ventricular function. Furthermore, in patients with heart failure these responses to acetylcholine were shown to be mediated by muscarinic receptors since they were completely inhibited by the addition of atropine. Finally, muscarinic blockade with atropine enhanced ␤-adrenergic responses in patients with normal ventricular function, a response not observed in those with heart failure. Intracoronary acetylcholine attenuated the dobutaminemediated inotropic and lusitropic responses in subjects with normal ventricular function and patients with heart failure. The mechanism of this effect of acetylcholine is uncertain, although several possibilities have been suggested. Muscarinic stimulation may have activated the inhibitory G protein, G i , leading to reduced adenylate cyclase production of cAMP (25) . This may be relevant in the setting of heart failure, where G i activity is increased (5, (15) (16) (17) (18) . The effects of acetylcholine may have been secondary to stimulation of inhibitory muscarinic receptors on adrenergic nerve terminals (6, 26) . This mechanism may be particularly relevant in heart failure, since prejunctional modulation of norepinephrine release is most pronounced in the setting of increased sympathetic nerve firing rate (26) , as occurs in heart failure (27) . Another potential mechanism relates to cardiac production of cGMP in response to muscarinic stimulation, possibly related to increased nitric oxide activity (8) . Increases in cyclic GMP, resulting from muscarinic stimulation, may counteract cAMP mediated increases in contractility (28) . In support of this mechanism, Hare et al. demonstrated that nitric oxide mediates part of the muscarinic attenuation of ␤-adrenergic mediated increases in contractility in dogs (8) .
Intracoronary acetylcholine had a direct negative lusitropic effect in patients with heart failure but not in those with normal ventricular function. In animal models vagal stimulation has been shown to attenuate the increase in ϪdP/dt seen with sympathetic nerve stimulation (7) and to either slow (19) , or have no effect (20) on isovolumic relaxation. In patients with heart failure, acetylcholine may have slowed relaxation due to accentuated antagonism (29) , a phenomenon whereby the inhibitory effects of muscarinic stimulation are greater as sympathetic activity is increased. Thus, a negative lusitropic effect may have only occurred in those with heart failure because of increased underlying sympathetic activity (27) . Alternatively, the negative lusitropic response to acetylcholine may be explained by increased sensitivity to muscarinic stimulation in the setting of heart failure (5). This might occur because of increased muscarinic receptor density (5, 12) , or because of an increase in G i activity in the setting of heart failure (5, (15) (16) (17) (18) . The negative lusitropic effect of acetylcholine may also have resulted from non cAMP-dependent mechanisms including effects on phospholamban phosphorylation (30) , and phospholipase C (13), which could stress an already impaired calcium handling system in heart failure (31) . Nitric oxide, produced by muscarinic stimulation, may also effect diastolic function. In a recent human study (32) , intracoronary nitroprusside, a nitric oxide donor, had no effect on Tau. In contrast, we observed a prolongation of Tau, suggesting that acetylcholine had effects independent of the nitric oxide pathway.
Previous studies have shown that muscarinic receptor density in myocardium from patients with end-stage heart failure is unchanged as compared to receptor density in normal myocardium (13) (14) (15) , but that G i activity is increased (15) (16) (17) . The results of the present study provide insight into the function of muscarinic pathways in the setting of human congestive heart failure. The suppression of ␤-adrenergic responses by acetylcholine in the heart failure group suggests that muscarinic function is intact in the failing human left ventricle. Furthermore, the finding that acetylcholine resulted in a negative lusitropic effect only in the heart failure group suggests that muscarinic responses may actually be increased in the setting of human heart failure, as has recently been demonstrated in an animal model of heart failure (5).
Intracoronary atropine did not augment ␤-adrenergic responses in patients with heart failure. There are several possible explanations for this observation. First, the intracoronary concentration of atropine may have been insufficient to antagonize the stimulation of muscarinic receptors by endogenous acetylcholine. However, in the normal ventricular function group the same infusion of atropine augmented dobutamine responses, and the concentration of acetylcholine within ventricular myocardium is likely to have been higher in this group as compared to the heart failure group (1, 2) . Furthermore, atropine was able to antagonize the effects of exogenous acetylcholine in heart failure patients studied in Protocol 3. Second, the blunted atropine effect may have occurred if muscarinic pathway function is impaired in the setting of heart failure. As discussed above, the results of this study suggest the opposite; the response to muscarinic stimulation is intact, and possibly enhanced in the setting of heart failure. Third, dobutamine may have exhausted the contractile reserve in the heart failure group, thus allowing for no further increase in ϩdP/dt in response to the addition of atropine. In the present study dobutamine was titrated to achieve a 25% increase in ϩdP/dt. This is well below the maximal increase in contractility that has been observed in patients with severe heart failure in response to either intracoronary dobutamine (56%), or the combination of intracoronary dobutamine and milrinone (74%) (33) . We hypothesize that the explanation for the lack of an atropine effect in the heart failure group is that there was little endogenous acetylcholine present within ventricular myocardium to antagonize, similar to our previous observation in patients post heart transplantation (9). This hypothesis is consistent with previous investigations that demonstrated reduced parasympathetic tone in heart failure based on heart rate and heart rate variability measurements (1, 2) .
The methodology used in these experiments has limitations that should be considered. Isovolumic relaxation was measured by the logarithmic method of Weiss et al., T L (21) and the pressure half-time method of Mirsky, T 1/2 (22) . Although there is no consensus as to the best mathematical estimate of the rate of isovolumic left ventricular relaxation, the methods used in this study have been advocated as reasonable indices of isovolumic relaxation (21, 34, 35) . Despite reports that Tau is sensitive to changes in loading conditions (36) , in the human left ventricle Tau has been shown to be insensitive to relatively small changes in load (34, 35) . Furthermore, changes in loading conditions in the present investigation cannot explain our findings. Dobutamine increased left ventricular systolic pressure (Protocols 1 and 3) which would not explain the observed decreases in Tau. Acetylcholine did not alter left ventricular systolic pressure (Protocols 1 and 3 ) and caused only a small increase in left ventricular end-diastolic pressure (Protocol 1), so changes in loading conditions do not explain the acetylcholine-mediated increase in Tau observed in the heart failure group. The measure of contractility used in these experiments, ϩdP/dt, can be influenced by changes in heart rate and loading conditions. Although there were changes in heart rate and loading conditions during some drug infusions these changes were relatively modest and do not explain the observed changes in ϩdP/dt. In human experimentation it has been demonstrated that left ventricular ϩdP/dt is quite insensitive to changes in both preload and afterload (35, 37) . Furthermore, although ϩdP/dt may be effected by changes in heart rate (38), these changes are much larger than the heart rate responses observed in the present experiments. A final limitation is the possible effect of increased coronary blood flow associated with intracoronary acetylcholine. By increasing coronary flow, acetylcholine may reduce the intracoronary concentration of dobutamine, thereby attenuating any dobutamine effect. This mechanism does not explain our findings: in Protocol 3 dobutamine was administered intravenously, so changes in coronary flow would not alter the intracoronary concentration of dobutamine. Importantly, acetylcholine had similar inhibitory effects on dobutamine responses, whether dobutamine was administered via the intracoronary or the intravenous route.
In summary, we have shown that muscarinic stimulation has an independent negative lusitropic effect and antagonizes the effects of ␤-adrenergic stimulation in the failing human left ventricle while muscarinic blockade has lesser effects on ␤-adrenergic responses in patients with heart failure. The results of this study demonstrate that the responsiveness of muscarinic receptors is intact, and possibly enhanced in the setting of heart failure. A potentially important implication of this study is that augmentation of parasympathetic outflow in patients with heart failure may have important effects on left ventricular function. This should be recognized during future evaluation of parasympathomimetic agents for the treatment of congestive heart failure.
